Abstract. Maternal effects may be a major factor influencing the demography of populations. In mammals, the transmission of stress hormones between mother and offspring may play an important role in these effects. Laboratory studies have shown that stressors during pregnancy and lactation result in lifelong programming of the offspring phenotype. However, the relevance of these studies to free-living mammals is unclear. The 10-year snowshoe hare (Lepus americanus) cycle is intimately linked to fluctuating predation pressure and predation risk. The enigma of these cycles is the lack of population growth following the decline phase, when the predators have virtually all disappeared and the food supply is ample. We have shown that a predator-induced increase in maternal stress hormone levels resulted in a decline in reproduction. Here we examine population and hormone changes over a four-year period from the increase (2005) to the decline (2008). We report (1) that an index of maternal stress (fecal corticosteroid metabolite [FCM] concentrations) fluctuates in synchrony with predator density during the breeding season; (2) that maternal FCM levels are echoed in their offspring, and this occurs at a population-wide level; and (3) that higher maternal FCM levels at birth are correlated with an increased responsiveness of the hypothalamic-pituitary-adrenal (HPA) axis in their progeny. Our results show an intergenerational inheritance of stress hormones in a free-ranging population of mammals. We propose that the lack of recovery of reproductive rates during the early low phase of the hare cycle may be the result of the impacts of intergenerational, maternally inherited stress hormones caused by high predation risk during the decline phase.
INTRODUCTION
Adaptations to the direct (e.g., a severe storm) and indirect (e.g., risk of predation) effects of environmental stressors are essential for ensuring individual fitness in natural populations. The environment that an individual's mother experiences may also affect the offspring's fitness. Maternal effects occur when the maternal phenotype affects the phenotype of her offspring in addition to her direct genetic contribution (Ra¨sa¨nen and Kruuk 2007) . These nongenetic phenotypic effects can have a profound influence on offspring and can cause a resemblance not just between a mother and her offspring, but also between grandmothers and grandoffspring (Kirkpatrick and Lande 1989) . In the biomedical literature, these nongenetic maternal effects are referred to as maternal or developmental programming. A programming effect reflects the influence of a specific environmental factor during the developmental period, before or just after birth, on the organization of target tissues and/or patterns of gene expression that affect function throughout life (Meaney et al. 2007 ). Mechanisms responsible for maternal programming may vary among organisms, the nature of the stressor (e.g., malnutrition, trauma, disease, psychological stress, and so forth), and the timing and duration of occurrence (prenatal vs. postnatal; acute vs. chronic) . In mammals, stress hormones may play a key organizational role in bringing about these lifelong changes (Seckl 2008 , Lupien et al. 2009 ).
In mammals, numerous laboratory studies have shown that stressors acting during pregnancy and lactation can have long-lasting effects on offspring (Meaney et al. 2007 , Weinstock 2008 , Mastorci et al. 2009 ). The mechanisms underlying this relationship involve an increase in glucocorticoids (GC) in either the fetus or neonate. Glucocorticoids (corticosterone in mice and rats; cortisol in most other mammals) are produced by the hypothalamic-pituitary-adrenal (HPA) axis in response to a stressor (defined as any environ- 3 E-mail: michael.sheriff@utoronto.ca mental disturbance that disrupts homeostasis; Boonstra 2005 , Owen et al. 2005 . In laboratory animals, an increased level of maternal stress hormones or exposure to stressors has been linked to offspring depression, anxiety-like behaviors, and alterations in HPA function and brain development (Abe et al. 2007 , Meaney et al. 2007 , Kapoor et al. 2008 .
Extrapolating from laboratory studies to natural populations is problematic in that most of the former have subjected pregnant females to highly artificial stressors (e.g., immobilization, immersion in cold water, bright lights; Henry et al. 1994 , Kapoor and Matthews 2005 , Meaney et al. 2007 , whereas in the latter, reproductive females have a long evolutionary history of adaptation to natural stressors (predation, social interactions, disease, or severe weather). Furthermore, in the laboratory, the timing when mothers are exposed to stressors markedly affects their subsequent impact on the offspring (Kapoor and Matthews 2005) . In contrast, although some stressors in nature may be very shortlived (e.g., a severe snowfall), others are chronic for the length of the pregnancy and lactation (e.g., high predation risk or high population density). These chronic stressors are not static and can fluctuate (i.e., although prey may be exposed to a high risk of predation, the number of predators and prey will change). As well, in nature, animals are exposed to multiple stressors simultaneously and may have a variety of coping mechanisms that allow them to integrate all of these (Wingfield and Sapolsky 2003) . For example, in the arctic, free-ranging male Whitecrowned Sparrows abandoned their normal nesting behavior in response to a spring snowstorm, but resumed nesting after it had passed. The change in behavior was associated with plasma corticosterone concentrations going from high to low, respectively, over that interval (Wingfield et al. 1983 ).
Here we examine a free-ranging population of snowshoe hares, Lepus americanus (see Plate 1), from the Yukon, Canada, to elucidate the effects of natural stressors during pregnancy on the physiological development of offspring. Snowshoe hares undergo a regular cyclic fluctuation, with 8-10 years between peak densities (Keith 1963 . A major factor influencing the hare cycle is predation. As hare populations increase, so do those of their predators, but with a lag of 1-2 years. During the population decline, predators are the direct cause of up to 100% of hare deaths (Hodges et al. 2001) ; of these, lynx and coyote are responsible for 65-75% of predator-caused deaths, with raptors being responsible for the rest. Furthermore, snowshoe hares are highly sensitive to changes in the risk of predation. Boonstra et al. (1998) showed that plasma cortisol concentrations (the major GC in snowshoe hares) fluctuated in the late winter with the risk of predation, such that hares experiencing a greater risk of predation had higher plasma cortisol. However, they did not link these GC changes directly to the time when hares were breeding. In terms of maternal programming, such predation-induced stress must occur during the summer months when reproduction occurs. In addition, Boonstra et al. (1998) did not link the maternal state with that in their offspring.
In this study we tested whether chronically elevated GC concentrations in dams increased the concentration of the stress hormones of their offspring. We also measured the ability of offspring to mobilize energy and their body condition in response to an increase in maternal GC concentrations. First, in a natural monitoring study in the Yukon we measured fecal cortisol metabolite (FCM) concentrations during the breeding season in dams (within one week after parturition) and in juveniles at weaning (postnatal day [pnd] 28) and after weaning (pnd 60, 90, and 120) to investigate the long-term programming of prenatal GC exposure. Because hares have up to four synchronous litter groups during the breeding season, we assessed whether litter groups differed both within a year and among years to examine the effects of seasonal changes in vegetation growth (Seccombe-Hett and Turkington 2008) and the effects of among-year differences in predation risk (O'Donoghue and Boutin 1995) . This study took place from 2005 (increase) to 2008 (decline). Second, in a captive study we measured FCM concentrations in dams at birth and measured their offspring's response to a hormonal challenge at weaning. In the juveniles we obtained measures of the stress response (plasma freecortisol and maximum corticosteroid-binding capacity, MCBC [a measure of corticosteroid-binding globulin capacity]), of energy mobilization (glucose and free fatty acids), of condition (packed red blood cell volume), and of immunity (white blood cell counts). This study took place in 2006 (peak) and 2007 (decline).
METHODS

Natural monitoring study
Population densities of both the hares and lynx were measured as part of a monitoring study (Krebs et al. 2001b) ; densities from 2002 to 2008 are shown here. Snowshoe hare densities were estimated with the program CAPTURE (Otis et al. 1978 ) and the JollySeber full model from trapping records on two 36-ha grids ). Lynx tracks were counted along a 25-km transect that traversed our study area, on days after fresh snowfalls while tracks were distinguishable. Lynx densities were estimated from the regression y ¼ 0.355 þ 0.288x, where x equals track counts (Hone et al. 2007 ). An index of snowshoe hare overwinter survival was estimated as the proportion of hares present in spring compared to those present in autumn (i.e., density in spring/density in the previous autumn).
Physiological stress measurements occurred over four summers from 2005 to 2008. Snowshoe hares were livetrapped in the Shakwak Trench east of Kluane Lake, Yukon Territory (618 N, 1388 W) using Tomahawk livetraps (Tomahawk Live Trap, Tomahawk, Wisconsin, USA). The traps were set at 22:00 hours and checked at 06:00 hours; thus hares could only be in the traps for a maximum of 8 h. This is relevant, as the lag between the production of cortisol in the body and its appearance in the feces as metabolites is between 8 and 12 h (Sheriff et al. 2009a) . Therefore, the cortisol metabolites in the feces represent a measure of stress hormones without any stress induced by observer presence or trapping.
We monitored FCM concentration in females one week after the mean parturition date during the first (n ¼ 32), second (n ¼ 32), and third (n ¼ 20) litter of the breeding season (May-August). FCM concentrations were monitored in juvenile hares from the first (n ¼ 36) and second (n ¼ 35) litter [and third (n ¼ 5) Upon capture, each hare was weighed with a Pesola spring scale (610 g), its right hind foot (RHF) length was measured as an index of body size, an ear tag was placed in its right ear (No. 3 Monel tags, National Band and Tag, Newport, Kentucky, USA), and its sexual condition assessed (see Krebs et al. 1986 ). A fecal sample was also collected from below the trap. Lactation was determined by the color of the lactation tissue and matting of the hair around the nipples. Juvenile age was determined by body mass. O'Donoghue and Krebs (1992) found that juveniles weigh 397-492 g and 905-1000 g within 3 days of pnd 28 and pnd 60, respectively. At pnd 90 and 120, juvenile hares are the same size as adults and indistinguishable from them. Thus, we only collected feces from juveniles of known age.
Captive study
In total, nine pregnant hares were transferred to an outdoor enclosure constructed at the Arctic Institute Base, Kluane Lake (southwestern Yukon, Canada) and were placed in individual 4 3 4 m chicken wire (2.5 cm) pens (for details, see Sheriff et al. 2009b ). Hares were held in pens for an average of 20 days before parturition and for 28 days thereafter. Hares were fed ad libitum with standard rabbit chow (Unifeed, Okotoks, Alberta, Canada; Unifeed, Cat. #19-2103: protein 18%, crude fat 2%, crude fiber 18%) and apples, supplemented daily with natural browse (small branches with leaves and bark from Salix spp.), and water ad libitum. Thirty hours after parturition, dams were live-trapped and a fecal sample was taken. Twenty-eight days after parturition, dams and juveniles were live-trapped within the enclosure. Dams were released at the site of their original field capture. Juveniles were subject to a hormone challenge at the Arctic Institute Base before being released to the original field site of capture of their dams.
Fecal cortisol metabolite analysis
We used an enzyme immunoassay (EIA) to measure fecal cortisol metabolite (FCM) concentrations, validated specifically for snowshoe hares. Samples were stored at À808C within 1 h of collection at the Arctic Institute Base. Samples were kept on ice during transport to the University of Toronto (they were still frozen upon arrival) and stored at À808C until analyzed.
Fecal samples were freeze-dried using a lyophilizer (LabConco, Kansas City, Missouri, USA) for 14-18 h to control for fiber and water content (Wasser et al. 1993) , and were homogenized with a coffee grinder. We then extracted 0.300 g (60.05 g) of the ground feces with 5 mL 80% methanol (volume/volume) for 30 min at 15 000 rpm (SI units 220.80 rad/s) on a multi-vortexer. After centrifugation (15 min at 2500 g [24 526 m/s 2 ]) an aliquot of the supernatant was diluted (1:10) with assay buffer and frozen at À808C until analysis. Fecal cortisol metabolite concentrations were measured following the methods outlined by Sheriff et al. (2009a) using the 11-oxoaetiocholanolone-EIA developed by Palme and Mo¨stl (1997) . This EIA had intra-and inter-assay coefficients of variation of 6.3% and 10.3%, respectively.
Hormone challenge
Female juvenile hares were captured, transferred to a burlap bag, and taken to a dimly lit laboratory and allowed to settle down and habituate for 1-2 h prior to the challenge. Each hare was bled three times (0.3 mL per bleed) from an ear artery using 28-gauge needles (0.36 3 13 mm) into heparinized 0.5-mL syringes (LoDose U-100 insulin syringes; Becton Dickinson, Franklin Lakes, New Jersey, USA). The first blood sample (basal bleed) was immediately followed by an injection of 0.4 mg/kg of dexamethasone sodium phosphate (Sabex, Boucherville, Quebec, Canada) into an ear vein. The second bleed (Dex bleed) occurred 2 h later, followed immediately by an intramuscular injection in the thigh of 40 lg/kg of synthetic adrenocorticotropic hormone (ACTH; Synacthen Depot, CIBA, Mississauga, Ontario, Canada). The final bleed (P60 bleed) occurred 1 h later.
Measurement of glucose concentrations using a FreeStyle glucometer (Abbott Diabetes Care, Alameda, California, USA) and preparation of blood smears were completed within 5 min and measurement of packed redblood-cell volume, PCV (measured in duplicate after a 9-min centrifugation at 13 460 g (132 000 m/s 2 ) on an IEC Micro-Hematocrit Centrifuge, Model MB, Thermo IEC, Needham Heights, Massachusetts, USA) and staining of slides (using a modified Wright stain technique called Diff-Quick [Dade International, Miami, Florida, USA]) were completed within 45 min of blood collection. Blood smears and PCV were conducted on the first bleed only and glucose concentrations were measured after every bleed. The remaining blood was centrifuged at 8800 g (86 300 m/s 2 ) for 10 min in an Eppendorf Micro Centrifuge 5413 (Eppendorf, Hamburg, Germany). The separated plasma was then frozen at À808C at the Arctic Institute Base and at the University of Toronto, until analysis for plasma cortisol, MCBC (maximum corticosteroid-binding capacity), and free fatty acids (FFA).
Total plasma cortisol was measured in duplicate using a radioimmunoassay (Clinical Assays GammaCoat Cortisol 125 I RIA Kit, DiaSorin, Stillwater, Minnesota, USA) with inter-and intra-assay coefficients of variation of 12.4% and 2.4%. MCBC levels were measured in duplicate using a radioimmunoassay described by Boonstra and Singleton (1993) , with intra-and interassay coefficients of variation of 2.6% and 4.9%. Free cortisol concentrations were calculated using the procedures and binding coefficients outlined in Boonstra et al. (1998) .
Free fatty acids were measured in duplicate using an in vitro enzymatic colorimetric method to assay quantitative determination of non-esterified fatty acids (HR Series NEFA-HR [2], Wako Diagnostics, Richmond, Virginia, USA). This assay had intra-and interassay coefficients of variation of 5.2% and 9.9%.
White blood cell counts from stained slides were carried out at the University of Toronto. Differential white blood cell counts were based on counts of 100 leucocytes.
Statistical analysis
All data are expressed as means 6 SE, unless otherwise stated. ANOVAs, general linear models, mixed-effects models, and Newman-Keuls post hoc analyses were performed using the software package STATISTICA 6 (StatSoft 2002). The assumption of normality was tested with Shapiro-Wilks test and the assumption of homogeneity of variances was tested with Levene's test. If these assumptions were not met, data were log-transformed and the assumptions retested. Comparisons of the means were considered significant if P , 0.05.
RESULTS
The snowshoe hare population increased from a spring low of 2 hares/km 2 (95% CI: 2-4 hares/km Fig. 1 ). The biologically impossible increases in estimates from autumn to spring were probably due to the decreased food availability in the late winter/spring, which lead to an increase in movements and trappability of spring hares relative to autumn hares. However, overwinter survival must have been greatly reduced during the decline, with spring density estimates being only 68% (2006/2007) and 56% (2007/2008) of those in autumn (Table 1, Fig. 1 ). Across this cycle, the lynx population increased from a low of 1 lynx/100 km 2 (95% CI: 1-2 lynx/100 km 2 ) in 2002 to a peak of 12 (95% CI: 9-15) lynx/100 km 2 in 2007, and then declined to 5 (95% CI: 3-7) lynx/100 km 2 in 2008 (Fig. 1) .
Natural monitoring study To examine how juvenile FCM levels varied both within and among years (first three litter groups) we carried out a mixed-effects model with year and litter group as fixed effects. We found a year effect (F 3,68 ¼ 13.99, P , 0.0001), a litter group effect (F 2,68 ¼ 9.33, P ¼ 0.0003), and no interaction effect (F 2,68 ¼ 1.62, P ¼ 0.21; Fig. 1 ). Juvenile FCM concentrations were significantly higher in 2007 (510.74 6 37.41 ng/g) than in 2006 (285.27 6 34.85 ng/g; P ¼ 0.0002) and in 2008 (288.92 6 26.40 ng/g; P ¼ 0.0002), but were similar in 2007 and 2005, and in 2005, 2006, and 2008 . Juveniles born in the first litter (440.10 6 32.65 ng/g) had significantly higher FCM concentrations than did those born in the second (290.84 6 25.98 ng/g; P ¼ 0.0003) and the third (292.08 6 27.26; P ¼ 0.04) litter. Although juveniles born in the second and third litter had similar FCM concentrations (P ¼ 1.00), this is probably due to the fact that only in 2006 were we able to sample juveniles born in the third litter. Therefore we carried out a separate one-way ANOVA testing for litter differences in 2006 and found significant differences (F 2,24 ¼ 4.84, P ¼ 0.02; Fig. 1) . Juveniles from the first litter (379.20 6 67.85 ng/g) had significantly greater FCM levels than those from the second litter (188.25 6 34.43 ng/g; P ¼ 0.05), but levels similar to those from the third litter (292.07 6 27.26; P ¼ 0.66). Juveniles from the second litter had FCM levels that were lower (P ¼ 0. To assess the relationship between dam and juvenile FCM concentration from the same year and litter group, we carried out a general least-squares regression including the first, second, and third litter groups from 2005 to 2008. Dam FCM concentration just after birth was a good predictor of juvenile FCM concentration at weaning (r 2 ¼ 0.73, P ¼ 0.007; Fig. 2 ). To determine whether the differences we observed among years and litter groups in juveniles at weaning 
Captive study
To test whether the stress hormones of dams (as reflected by their FCM concentrations) were correlated with those of their female offspring, we subjected juvenile hares to a hormone challenge at the time of weaning (pnd 28). We compared dams to their female offspring, as this is the important sex with respect to maternal programming.
As dam FCM concentrations increased, offspring plasma cortisol decreased at the basal bleed (r 2 ¼ 0.67, the basal cortisol levels from the 60-minute cortisol levels. We found that as FCM concentration of dams increased, offspring cortisol responsiveness also increased (r 2 ¼ 0.76, F 1,7 ¼ 20.53, P ¼ 0.003; Fig. 4d ). Thus, young became increasingly dexamethasone resistant and ACTH responsive as their mother's FCM concentrations increased.
Dam FCM concentration did not affect the MCBC, free fatty acid (FFA), or glucose levels of their offspring at any time during the challenge: (1) at the basal bleed (for MCBC, F 1,7 ¼ 0.25, P ¼ 0.63; for FFA, F 1,7 ¼ 2.36, P ¼ 0.17; for glucose, F 1,7 ¼ 0.11, P ¼ 0.74); (2) at the Dex bleed (for MCBC, F 1,7 ¼ 0.35, P ¼ 0.57; for FFA, F 1,7 ¼ 2.21, P ¼ 0.18; for glucose, F 1,7 ¼ 0.23, P ¼ 0.65); and (3) at the P60 bleed (for MCBC, F 1,7 ¼ 0.61, P ¼ 0.46; for FFA, F 1,7 ¼ 0.16, P ¼ 0.70; for glucose, F 1,7 ¼ 1.13, P ¼ 0.32).
Dam FCM concentrations significantly affected aspects of their offsprings' hematology (Fig. 5) . As dam FCM concentrations increased, the packed red blood cell volume (PCV) of their offspring decreased (r 2 ¼ 0.47, F 1,7 ¼ 6.12, P ¼ 0.04; Fig. 5a ), the neutrophil to lymphocyte (N:L) ratio increased (r 2 ¼ 0.67, F 1,7 ¼ 13.92, P ¼ 0.007; Fig. 5b) , and the eosinophil counts decreased (r 2 ¼ 0.48, F 1,7 ¼ 6.33, P ¼ 0.04; Fig. 5c ). Dam FCM concentrations did not affect monocyte counts (r 2 ¼ 0.25, F 1,7 ¼ 2.39, P ¼ 0.17; Fig. 5d ). Thus, young had worsening indices of condition (PCV) and of immunity as their mothers' FCM concentrations increased.
DISCUSSION
The 10-year snowshoe hare cycle and its attendant cycles in lynx and other furbearers have been fundamental to the development of ecological theory for more than half a century (Stenseth et al. 1999 ). Empirical studies have been used to examine both this theory and fundamental concepts such as ''the balance of nature,'' predator-prey fluctuations, food web dynamics, and community organization (Elton and Nicholson 1942 , Keith 1963 , Pimm 1981 , Boonstra et al. 1998 , Stenseth et al. 1998 , Sinclair et al. 2000 . However, critical elements of the pattern of these cycles have eluded our understanding. During the low phase, virtually all of the predators have died and the vegetation has recovered, yet the hare population remains low for 3-5 years (Krebs et al. 2001a) . Reproductive rates remain low at this time (Cary and Keith 1979, Stefan and . In a related paper, we report that a predator-induced increase in maternal FCM levels resulted in a decline in reproduction (Sheriff et al. 2009b ). An increase in dam FCM concentrations of 250 ng/g resulted in one less baby per litter and the babies born were 24% lighter and 11% smaller. From captive studies on cyclic populations of both snowshoe hares and voles, we know that mothers with high reproductive fitness have daughters with high reproductive fitness; conversely, mothers with low reproductive fitness have daughters with low reproductive fitness. Thus, intrinsic differences between mothers are perpet- uated in their offspring (Mihok and Boonstra 1992, Sinclair et al. 2003) . Our study took place during the increase (2005), peak (2006), and decline phases (2007) (2008) of the hare cycle. We elucidate the following connections between the predator-induced increase in stress hormones experienced by the mothers during the population decline and its consequences for their offspring. First, a maternal index of stress hormones (FCM concentrations) fluctuated in synchrony with predator density during the breeding season. Second, this stress hormone index is directly echoed in their offspring, with entire litter groups reflecting the pattern of their mothers at the time the young are born. Third, a mother's FCM levels affect the HPA stress axis of her progeny, with higher maternal FCM levels resulting in increased dexamethasone resistance and a heightened responsiveness to ACTH in progeny. We suggest that maternal programming, linked to the experience of high stress hormones caused by high predation risk, may explain the poor recovery of reproductive rates even after the predator numbers have declined markedly. This maternal programming caused by stress hormones may be a major factor contributing to the low phase of the snowshoe hare cycle.
Maternal stress
Food and predation are two of the greatest factors affecting animal populations and they have interactive and synergistic affects (Krebs et al. 1995 , Zanette et al. 2003 . In our natural monitoring study, FCM concentrations of dams fluctuated among and within years (Table 1, Fig. 1 ). Among years, FCM concentrations were highest in 2007 when the number of predators was greatest. We have also found that an experimental increase in the risk of predation resulted in dams with higher FCM concentrations (Sheriff et al. 2009b) . Boonstra et al. (1998) found that, outside the breeding season, snowshoe hares had a greater plasma cortisol concentration and stress response and a poorer body condition during the decline than during the low phase of the cycle. An increase in the number of predators has also been shown to increase GC levels in other freeranging mammals and birds (Silverin 1997 , Scheuerlein et al. 2001 ; but see Creel et al. 2009 ).
We also expected FCM levels in the second year of the decline (2008) to be higher than in the increase phase (2005); however, we found that levels, although elevated, were statistically similar. Part of the explanation may be that the females in our study were a high-quality subset of females from the hare population, all giving birth within one week of the estimated parturition date. Sheriff et al. (2009b) found that females that gave birth to nonviable young (either stillborn or aborted), had high FCM concentrations compared with females that gave birth to viable young. Because the number of females that give birth to nonviable young increases during the decline phase (Stefan and Krebs 2001 ), had we assessed FCM concentrations from all females within the population, not just the successful ones, we may have seen greater FCM levels persisting throughout the decline phase.
Within a year, we found that dam FCM concentrations were highest in the first litter, declined in the second, and increased again in the third (Fig. 1) . The combined effects of changing risk of predation and food between the first and second litter could explain the changes in FCM concentrations. Boutin et al. (1986) found that predation rates decreased from winter to summer, and thus the risk of predation should also decrease at this time. Furthermore, the first litter occurs during the late winter-early spring when the winter snowpack is in the process of melting and prior to the flush of new vegetation, whereas the second litter occurs during late spring-early summer when new vegetative growth is nearing its peak (Sinclair et al. 1982) . Reduced food intake has been found to cause an increase in GC levels in mammals and birds (Harris et al. 1994 , Kitaysky et al. 1999 , Ortiz et al. 2001 . The increase in food availability from the first to the second litter may also allow hares to forage in a less risk-prone manner (Hik 1995 , Murray 2002 .
The increase in maternal FCM concentrations between the second and the third litter (Fig. 1) could be a result of allostatic load. Allostatic load is the cumulative wear and tear on an animal coping with multiple stressors over its lifetime, such as the risk of predation, the extreme temperatures and food scarcity of winter, and pregnancy Wingfield 2003, Romero et al. 2009 ). As the allostatic load increases, animals become less able to respond normally and require a greater stress response to counteract the stressor. For snowshoe hares during the decline phase, the high risk of predation during the winter, followed by two litters, would greatly increase their allostatic load. This may be one explanation as to why hares during the increase phase (when the risk of predation is low) may have up to four litters in a summer, whereas those during the decline may have only two litters. Thus, changes in maternal FCM concentrations may be affected primarily by changes in the number of predators, with food augmenting these effects. As allostatic load increases, hares begin to show an even greater stress response to the increase in the risk of predation.
In our captive study, maternal FCM concentrations were within the levels found in the natural monitoring study. Our captive females also showed considerable variation in FCM concentrations, consistent with what we found in the free-ranging females. This suggests that individuals naturally differ in their physiological response and ability to cope with stressors, and this difference was maintained in captivity. This has also been found by Pride (2005) for ring-tailed lemurs Lemur catta, and by Cabezas et al. (2007) for European wild rabbits Oryctolagus cuniculus. Thus, our captive results might reflect a wider phenomenon.
Developmental impacts of maternal stress
In our natural monitoring study, dams with increased FCM concentration produced offspring with increased FCM concentrations, and this was maintained into adulthood (Figs. 1-3) . Fecal cortisol metabolite levels are an integration of blood cortisol levels over the previous 8-12 hours (Sheriff et al. 2009a ) and reflect both basal and stress-induced cortisol exposure experienced during this time. In our experimental study, we were able to separate these two factors and found that dams with increased FCM concentration produced offspring with decreased basal plasma cortisol levels and an increased responsiveness of the HPA axis (Fig. 4) .
The decrease in basal cortisol and the increased responsiveness seen in experimental juveniles born to mothers with elevated FCM concentrations could be due to an increase in mineralocorticoid receptors (MR) and a decrease in glucocorticoid receptors (GR) in the brain. Densities of these two hippocampal receptors are critical in regulation and feedback of the HPA axis, with MRs regulating basal glucocorticoid levels and GRs regulating glucocorticoid levels in response to stressors (Owen et al. 2005) . For pregnant guinea pigs treated with a synthetic glucocorticoid, offspring exhibited increased hippocampal MR expression and reduced basal plasma cortisol concentrations (Liu et al. 2001) . Furthermore, exposure of pregnant guinea pigs to a strobe light at gestation day 50 resulted in offspring with reduced GR expression and an elevated activity of the HPA axis (Kapoor et al. 2008) . Rat offspring born to mothers that were restrained during the last week of gestation exhibited reduced GR densities (Henry et al. 1994 , Maccari et al. 1995 . These differences in receptor levels persist into adulthood (Liu et al. 1997 , Francis et al. 1999 , and we also found that differences in FCM concentrations at weaning persisted into adulthood (Fig.  3) . For snowshoe hares, the differences in MR and GR receptor levels would allow them to mount an appropriate response to predation, yet allow them to have low cortisol exposure at times when the risk of predation is low. This would alleviate the negative effects of high cortisol exposure such as a decrease in reproduction and survival. Thus, during the low phase, reproductive output could begin to recover and population density would increase.
Dam FCM concentrations also affected juvenile hematology (Fig. 5) . Juvenile hares born to dams with elevated FCM concentration had a lower PCV (Fig. 5a) . PCV is an indicator of body condition, with lower values indicating a poorer body condition (Hellgren et al. 1993 , Boonstra et al. 1998 . Previously, we found that snowshoe hares with predator-induced increases in cortisol levels gave birth to lighter and smaller babies compared with controls (Sheriff et al. 2009b ). This has also been found for rats and male guinea pigs (Lesage et al. 2001 , Emack et al. 2008 . Juvenile hares born to dams with elevated FCM concentration also had a higher neutrophil to lymphocyte (N:L) ratio (Fig. 5b ). High N:L ratios generally indicate high GC levels (Davis et al. 2008 ; but see Boonstra et al. 1998) . However, this is not the complete picture, as an infection may also create a rise in neutrophil counts sufficient to substantially increase the N:L ratio. In order to disassociate stress from an infection, both eosinophil and monocyte ratios must also be measured, because an infection or parasite will also result in an increase in these WBC types (Davis et al. 2008) . We found that an increase in dam FCM concentration resulted in a decrease in eosinophil counts and no change in monocyte counts in juveniles (Fig. 5c) . Thus an increase in maternal FCM levels resulted in a shift in leukocyte profile indicative of high GC levels. Eosinophils are important in fighting parasitic infections, and reduced numbers may also result in a decreased immunity (Bullock and Rosendahl 1984) . Thus, an increase in prenatal GC exposure results in not only an increase in offspring stress hormones, but also a decrease in body condition and immunity.
The increase in stress hormones in the offspring born to mothers with high FCM concentrations may trade off the decrease in reproduction by increasing the antipredator behavior of the offspring (Emack et al. 2008) , thus increasing survival. However, during the low phase when predation risk is low, the same mechanism would lower fitness because the risk of predation is much lower. In order for this mechanism to be adaptive, the gain in fitness during the decrease phase should at least compensate for the loss of fitness in the early low phase. Future work must be done to quantitatively assess different tactics to determine the adaptive component of maternally programmed antipredatory behavior (Lambin et al. 1995) .
